An invariant spatial pattern of three cell fates (3°-3 °-2°.1°-2°-3°) is generated from a field of multipotent precursor cells during C. elegans vulval development. We demonstrate that the epidermal growth factor-like domain of the LIN-3 protein can induce either of two distinct vulval cell fates: a high dose of LIN-3 induces a 1° fate; a lower dose of LIN-3 induces a 2 ° fate. A high dose of LIN-3 can also induce adjacent vulval precursor cells to assume 1° fates; thus, high levels of LIN-3 can override the lateral signaling that normally inhibits formation of adjacent 1° fates. We propose that the invariant pattern of vulval cell fates is generated by a graded distribution of LIN-3 that promotes different vulval fates according to local concentration and by a lateral signal that reinforces this initial bias,
Introduction
Generation of a spatially defined pattern of fates from a field of cells is central to the development of many organisms. Many mechanisms could cause initially equivalent cells to acquire a reproducible pattern of fates. In one model, a fixed source generates a concentration gradient of a diffusible inducing factor (Crick, 1970 ; reviewed by Slack, 1991) . This model requires that response thresholds cause quantitative differences in signal intensity to specify qualitatively distinct cell fates. We have examined Caenorhabditis elegans vulval development to investigate the response of single cells to different doses of a growth factor.
The vulva of C. elegans develops postembryonically from a group of ectodermal blast cells, the vulval precursor cells (VPCs), designated P(3-8).p, located in a longitudinal row within the ventral epidermis (Sulston and Horvitz, 1977) (Figures 1A-1C) . In wild type, the six VPCs assume an invariant, spatially graded 3°-3°-2°-1°-2°-3° pattern of fates ventral to the gonadal anchor cell (AC) (Figure 1 C). Cells adopting a 3 ° fate produce nonvulval epidermis; cells adopting 1° and 2 ° fates produce distinct sets of vulval cells ( Figure 1D ). Each VPC is competent to adopt *These authors contributed equally to this work. iPresent address: Fred Hutchinson Cancer Research Center, 1124 Columbia Street, Seattle, Washington 98104.
any of the three fates (Sulston and White, 1980; Sternberg and Horvitz, 1986) and adopts a particular fate in response to intercellular signals (reviewed by Horvitz and Sternberg, 1991 ). An inductive signal from the~AC is necessary for the VPCs to assume vulval fates (Sulston and White, 1980; Kimble, 1981; Thomas et al., 1990) . A lateral inhibitory signal, likely mediated by the LIN-12 protein, influences the pattern of 1 o and 2 ° fates assumed by VPCs induced to vulval fates (Greenwald et al., 1983; Sternberg, 1988; Sternberg and Horvitz, 1989) .
Vulval induction is mediated by a pathway similar to the mammalian epidermal growth factor (EGF) signaling pathway (Fantl et al., 1993) . The inferred LIN-3 products are structurally similar to growth factors of the EGF family, encoding membrane-spanning proteins with a single extracellular EGF domain (Hill and Sternberg, 1992) . lin-3 activity is required for vulval induction (Horvitz and Sulston, 1980; Sulston and Horvitz, 1981 ; Ferguson and Horvitz, 1985) , and transgenes that contain multiple copies of wild-type lin-3 genomic DNA clones can cause extra VPCs to assume vulval fates (Hill and Sternberg, 1992) . Cell ablation experiments indicate that these transgenes act in the gonad to promote vulval development. Moreover, lin-3::lacZ transgenes that can induce vulval development are expressed specifically in the AC at the time of vulval induction. Together, these results suggested that LIN-3 can act as an intercellular signal in vivo (Hill and Sternberg, 1992) .
We are interested in how the spatially defined pattern of VPC fates is generated. Earlier ablation experiments suggested that the fate selected by a single VPC correlated with its proximity to the AC at the time of induction (Sternberg and Horvitz, 1986) . This observation led to the proposal that the signal produced by the AC is spatially graded (Sternberg and Horvitz, 1986) : cells close to the AC receive high levels of signal and acquire 1 ° fates; more distal cells receive lower levels of signal and adopt 2 ° fates. VPCs far from the AC do not receive sufficient signal to be induced. This interpretation is subject to three caveats. Many of the single VPCs examined were generated in a mutant background such that undetected debris from missing VPCs might have remained functional, in addition, these experiments did not establish the causal relationship between VPC position at the time of induction and acquired fate. Finally, this work did not exclude the possibility that the gonad produces two vulval inducing signals: a short-range signal to induce 1 o fates and a second signal acting distal to theAC to induce 2 ° fates. Here we address these issues.
We first review vulval lineage types. We then describe a fusion of the EGF-like domain of LIN-3 to an inducible promoter to demonstrate that a single signal made by the AC is sufficient to specify both 1° and 2 ° VPC fates in a dose-dependent manner. Finally, we show that the LIN-3 dose affects lateral signaling among VPCs. 
Results

Vulval Development in C, elegans
Vulval induction occurs at the end of the second of four larval stages (L1-L4) (Kimble, 1981) . During the L3 stage, the three VPCs proximal to the AC produce 22 vulval progeny that undergo morphogenesis during the L4 stage to form the mature vulva ( Figure 1C ) (Sulston and Horvitz, 1977) . We refer to the group of cells descended from a single VPC as a lineage; the vulva is formed by one 1° lineage flanked by two 2 ° lineages. We classified vulval fates using established criteria (Sternberg and Horvitz, 1986, 1989) . We can distinguish the two canonical vulval fates and two classes of aberrant lineage (Sternberg and Horvitz, 1986, 1989; Sulston and Horvitz, 1977 )(see Experimental Procedures). Cells of a canonical 1° lineage detach from the ventral cuticle and form a symmetric arch (see Figure 4A ). The 2 ° lineage is asymmetric: the distal cells adhere to the ventral cuticle; the proximal cells detach and migrate dorsally (see Figure 4B ). (Stringham et al., 1992) . Translation should initiate in a synthetic sequence that encodes a signal peptide (Perry et al., 1993) . pRH51 also contains the 3'-untranslated region of the unc-54 gene and a synthetic intron to ensure that the messenger RNA is stable and processed properly (Fire et al., 1990) . pRH52 contains the same DNA sequences as pRH51, but the lin-3 DNA is in reverse orientation with respect to the promoter, hsp16-41 indicates the hsp16-41 promoter. SSP, synthetic signal peptide; 3'UT, 3'-untranslated region.
fails to divide and adopts a 3 ° fate, while its sister cell undergoes divisions and morphogenesis characteristic of half of a 2 ° lineage. The second type of aberrant lineage, denoted intermediate, contains a variable number of progeny and undergoes morphogenesis that displays both 1 ° and 2 ° qualities.
The EGF Domain of LIN-3 Is Sufficient to Induce Vulval Differentiation
Most members of the EGF family of growth factors are made as membrane-spanning proteins that are often processed to release a secreted factor containing the EGF domain (reviewed by Carpenter and Wahl, 1990) . To test whether LIN-3 could act in this manner, we constructed two hsLIN-3EGF transgenes that should produce and secrete the 63 amino acid EGF domain of LIN-3 (Figure 2 ). These transgenes use the inducible and tissue-general hsp16-41 heat shock promoter (Stringham et al., 1992) , allowing us to test the function of the EGF domain in animals in which the endogenous source of inductive signal has been ablated. To control for possible effects of heat shock, we constructed two control transgenes in which the DNA encoding the EGF domain is inserted in the reverse orientation with respect to the translation initiation site and thus should not produce LIN-3 protein. The effects of the transgenes were tested by heat-shocking animals at the L2 molt, near the normal time of vulval induction. In wild type, the AC induces only the three proximal VPCs P5.p, P6.p, and P7.p (see Figures 1B and 1C) . If the AC or its precursors are ablated, all six VPCs assume nonvuIval 3 ° fates (Kimble, 1981) . Upon heat shock activation of the hsLIN-3EGF transgenes in intact and gonadablated animals, 69 of 72 and 89 of 90 VPCs, respectively, assumed vulval fates. The EGF domain of LIN-3 must therefore be able to induce vulval differentiation. In contrast, vulval differentiation was normal after heat shock of 11 intact animals bearing the hsLIN-3EGF control transgenes. Thus, neither the control transgenes nor the heat shock conditions interfere with normal vulval develop-ment. In 12 gonad-ablated animals bearing the control transgenes, all VPCs adopted the 3 ° fate after heat shock. Thus, the control transgenes do not induce any vulval differentiation, and the ablation protocol removes the endogenous source of inductive signal. We conclude that the 63 amino acid EGF domain of LIN-3 is sufficient to induce vulval differentiation in the absence of the normal source of inductive signal.
The EGF Domain of LIN-3 Can Induce a Single VPC to Adopt Either the l° or the 2 ° Fate in a Dose-Dependent Manner To test whether distinct doses of growth factor can specify different fates, we constructed transgenic strains in which the hsLIN-3EGF sense transgene is chromosomally integrated. We used two methods to affect levels of expression of the EGF domain of LIN-3. First, as described below, we manipulated both temperature and duration of heat shock to control the heat shock promoter. Second, we varied the number of hsLIN-3EGF copies present in these strains by performing a limiting dilution analysis, varying the ratio of hsLIN-3EGF DNA to total DNA in the transformation mixture. At an hsLIN-3EGF injection concentration of 1 ng/l~l, 5 of 6 stable transformant lines displayed LIN-3 EGF activity upon heat shock; one of these lines was used to generate the chromosomally integrated high dose line HD. At an hsLIN-3EGF injection concentration of 280 pg/l~l, only 2 of 25 stably transformed lines displayed detectable LIN-3 EGF activity upon heat shock, suggesting that these rare responsive lines bear few functional hsLIN-3EGFcop-ies. These two independent lines were used to generate the integrated low dose lines LD and LD-2. The HD strain displayed more vulval differentiation than did the LD and LD-2 strains at each heat shock condition tested, confirming that the limiting dilution approach altered the amount of LIN-3 EGF activity in these strains (data not shown). All three strains display wild-type vulval differentiation (3.0 VPCs differentiated) at 20°C.
Lateral interactions among VPCs influence whether a VPC assumes the 1 o or the 2 ° fate (Sternberg, 1988) . We therefore tested the response of a single VPC to the EGF domain of LIN-3. We ablated the gonadal precursor cells and five of the VPCs or their parent (Pn) cells, leaving P7.p or PT, in animals bearing the integrated hsLIN-3EGF transgenes. We then heat shocked these animals near the normal time of induction and examined the fate adopted by P7.p.
Analysis of several heat shock conditions revealed a clear dose response (Figure 3) . In control ablations of the LD strain, induced fates were never observed without heat shock ( Figure 3A ). After moderate heat shock (30°C for 12-15 min) of the LD strain, we observed no 1 o fates: we observed 25 of 51 3 ° fates, 10 of 51 2 ° fates, and 16 of 51 aberrant fates ( Figures 3B and 4D ). After severe heat shock (33°C for 15-30 min) of the LD strain, the number of 3 ° and 2 ° fates diminished and the number of 1° fates increased. We observed 1 of 17 2 ° fates, 10 of 171 o fates, and 6 of 17 aberrant fates (see Figure 3C ). After severe heat shock of the HD strain (33°C for 15 min), P7.p Sternberg and Horvitz (1986) . Abbreviations: Lin, lineage; L, longitudinal division; underlining indicates progeny adhered to the ventral cuticle at the L3 molt; O, oblique division; T, transverse division; D, division occurred with axis not observed; N, division did not occur; S, Pn.p or Pn.px nucleus did not divide and fused with syncytiel epidermis; H, half-vulval fate; Int, intermediate vulval fate; M, morphogenesis at mid-L4 stage, assigned a two-letter abbreviation as follows: the first letter describes the morphology of the vulval tissue and can be either S for symmetric or A for asymmetric, while the second letter describes the adherence of the tissue, either a, indicating adherence to the ventral cuticle, or n, indicating nonadherence (a 1 ° lineage is therefore described as Sn, a 2" lineage is described as Aa); P, the panel ([A]- [D] shown above) corresponding to that lineage. (F) Representative lineages from P7 isolations in the LD strain observed after heat shock at 30°C for 13 rain.
adopted a 1 ° fate in all 12 cases (Figures 3D and 4C) . Heat shock conditions intermediate among those displayed produced cell fate distributions consistent with intermediate response (data not shown). Representative lineages observed in these experiments are displayed in Figure 3E . Cell fate assignment is based on division axes, adherence pattern at the L3 molt, and late morphogenesis. As a result, some lineages with similar patterns of division axes are classified as different cell fates because they differ in adherence or morphogenesis.
At all heat shock conditions, we observed some ambiguous fates, either half-vulval or intermediate lineages, as described above. Both ambiguous fates appear to exhibit some dependence on the LIN-3 EGF dose. Half-vulval fates were observed at low levels of heat shock and were eliminated by severe heat shock. Intermediate fates were observed under moderate but not severe heat shock conditions. The dose dependence of these ambiguous lineages is consistent with the hypothesis that they result from levels of signal that fall between the levels required to specify normal fates. To exclude the possibility that the single VPCs adopted 2 ° fates in response to signals from the debris of ablated neighboring VPCs, we ablated the VPC parents P3 to P6 and P8 at the L1 stage and applied moderate heat shock at L2 lethargus as before; 2 ° fates were ebserved, and the results were qualitatively similar to those observed after Pn.p ablation ( Figure 3F ). Thus, the dose-dependent response of single VPCs to the EGF domain of LIN-3 can occur in the absence of other signals from the gonad or neighboring VPCs.
To test whether the lineage types induced by the EGF domain of LIN-3 in these single VPCs can also occur in response to localized expression of wild-type LIN-3, we examined the fates of single VPCs in wild-type animals. We ablated either all but P3.p or all but P4.p and observed the resulting cell lineages ( Table 1 ). All of the lineage types observed in the LIN-3 EGF experiments could also be induced in wild-type animals. Specifically, P3.p adopted a 3 °, half-vulval, or 2 ° fate; P4.p adopted a 2 °, intermediate, or 1° fate.
To compare the effect of increased localized LIN-3 expression with that of wild-type LIN-3 expression, we ablated P(4-8).p in a strain that overexpresses wild-type LIN-3 specifically in the AC (J. Liu and P. W. S., unpublished data). In these animals, P3.p adopted a 1° fate in 11 of 11 animals, compared with 0 of 9 in wild type (Table  1) . Therefore, wild-type LIN-3 can act in a graded manner when expressed from a point source.
The molecu lar marker lin-1 l::lacZ norm ally is expressed in 2 of 4 grandprogeny of the 2 ° VPC as well as in a number of nonvulval cells (Freyd, 1991; Struhl et al., 1993) . Unfortunately, after the VPC grandprogeny have divided, lin-11::lacZ displays variable expression in 2 ° lineages and occasional expression in 1° lineages. Therefore, lin-1 l::lacZ is not specific to 2 ° lineages after the 4-cell stage, nor is it possible to obtain both a complete lineage and lin-1 l::lacZ expression data from the same VPC. We examined expression of this marker in single VPCs induced by the EGF domain of LIN-3. We constructed two strains, LD-lacZ and HD-lacZ, which bear both a lin-1 l::lacZfusion and an hsLIN-3EGFtransgene. During L3 lethargus, when the VPC has produced four grandprogeny, we assayed I~-galactosidase activity in situ in these animals. When we used the protocol that promotes 2 ° fates in the LD strain (30°C for 14 m in), 6 of 12 LD-lacZ animals displayed vulval staining. Of these 6, 3 expressed lacZ in 2 of the 4 VPC granddaughters, as expected for a normal 2 ° fate. Consistent with our observation that these heat shock conditions can occasionally induce lineages in which part of a 2 ° lineage appears to be duplicated, the other animals displayed staining in three or four VPC progeny. When we used the protocol that promotes the 1° fate in HD strain animals (33°C for 15 min) 
LIN-3 Dose Affects Interactions among VPCs
Expression of the EGF Domain of LIN.3
We examined the interaction between the inductive signal and the lateral signaling pathway by observing the effect of the LI N-3 EG F dose on intact fields of VPCs. We ablated the gonad primordium in L1 animals, applied heat shock close to the normal time of induction, and observed vulval lineages during development. We observed three basic patterns of fates that correlated with the severity of the heat shock treatment and the number of VPCs that adopted vulval fates. The first type of pattern was observed after mild heat shock of the LD or LD-2 strain; induced VPCs were relatively rare, and 1 o fates were not observed ( Table 2 , 30°C for 6 min). We observed 15 2 ° fates, 53 3 ° fates, and four half-vulval fates. In seven animals, a 2 ° lineage was adjacent only to 3 ° lineages. This confirms that specification of the 2 ° fate does not require the presence of a VPC committed to the 1 o fate. The second class of patterns was observed after more severe heat shock of LD or LD-2 animals. Most VPCs were induced; 13 adopted 1° fates, 16 adopted 2 ° fates, four adopted 3 ° fates, two adopted intermediate fates, and one assumed a half-vulval fate ( We observed two types of bias in the cell fate patterns generated in these intact fields. First, after mild heat shock of the LD strain, the more central VPCs, P(4-7).p, tended to be induced more frequently than the more peripheral P3.p and P8.p. In these experiments, we see no obvious difference among P(4-7).p. Second, in animals with more than one 1° fate, P4.p, P6.p, and P8.p adopted 1° fates more frequently than P5.p and P7.p. This could arise from nonhomogeneous expression or localization of the EGF domain of LIN-3 or from intrinsic differences among VPCs. Regardless of their cause, these biases do not affect the conclusion that intact fields of VPCs respond to the EGF domain of LIN-3 in a dose-dependent manner.
We attribute the observed VPC fate patterns to the effects of different doses of LIN-3 EGF activity. Low doses of LIN-3 EGF result in low levels of induction and promote 2 ° fates. Higher levels of LIN-3 EGF cause high levels of induction and promote 1° fates; in these animals, lateral inhibitory interactions prevent adjacent 1 o fates. Very high levels of LIN-3 EGF promote 1° fates and can interfere with lateral signals, causing adjacent VPCs to adopt intermediate fates.
Expression of Localized Wild.Type LIN.3
To test the effect of increased localized LIN-3 activity, we examined the pattern of vulval fates in animals bearing a multicopy transgene that overexpresses wild-type LIN-3 in the AC and that increases the number of VPCs that adopt vulval fates (Hill and Sternberg, 1992) . The fates adopted by P5.p and P7.p in these lin-3 transgenic animals indicate that overexpression of LIN-3 affects lateral interactions among VPCs: in 12 of 24 cases, P5.p and P7.p adopt intermediate rather than 2 ° fates (Table 3) . Furthermore, VPCs adjacent to a 1 ° VPC, including P5.p or P7.p, adopted 1 o fates in 4 of 12 animals. Previous work demonstrated that the AC could override the effect of gain-offunction mutations in the lateral signaling pathway in a single cell, P6.p (Sternberg and Horvitz, 1989) . Our observations demonstrate that elevated levels of LIN-3 can override the lateral signal between two cells and promote adjacent 1° fates.
In 6 of 12 animals (animals 1,3, 4, and 9-11)., the VPCs adopted graded patterns of fates. A graded pattern is one in which no VPC adopts a fate higher than those adopted by VPCs closer to the AC, where VPC fates are ranked in the order (from high to low) of 1°, intermediate, 2 °, half-vulval, 3 ° . Such graded patterns of fate are not seen in animals in which the inductive signaling pathway of all VPCs is uniformly activated. For example, in lin-15 mutant animals, lateral signaling establishes an alternating pattern of 1 ° and 2 ° fates (Sternberg, 1988) . The graded patterns we observed suggest that the VPCs in these transgenic animals are responding to a graded distribution of LIN-3. In addition, nongraded patterns are also ob- 
The gonad primordium of LD animals or HD animals was ablated in the L1 stage. Expression of the EGF domain of LIN-3 was induced by heat
LIN-3 Encodes the Vulva-Inducing Signal Produced by the AC
The AC produces a signal that normally is necessary for the VPCs to assume vulval fates (Kimble, 1981) . Previous work suggested that lin-3 encoded an inductive signal made by the AC (Hill and Sternberg, 1992) . We have shown that the EGF domain of LIN-3 is sufficient to induce all six VPCs to assume vulval fates in the absence of the gonad. Moreover, the EGF domain of LIN-3 can induce a single VPC to assume either the 1° or the 2 ° fate in the absence of the gonad. Therefore, no other factor made only by the gonad is necessary for induction of either vulval fate. Furthermore, our observations are consistent with the possibility that LIN-3 acts as a secreted factor.
LIN-3 Can Act as a Morphogen
For a single factor to pattern a field of multipotent cells, response thresholds must cause graded information to be interpreted as discrete fates• Factors capable of evoking distinct concentration-dependent responses have been termed morphogens (reviewed by Slack, 1991) . In principle, given sufficient response sensitivity and a reproducible level of signal, a single gradient molecule could provide sufficient information to pattern a developmental field. However, the study of morphogens in both Xenopus and Drosophila has emphasized the importance of additional components in the responding tissue that act in concert with the initial dose-dependent signal to refine response (Green and Smith, 1991; reviewed by St Johnston and N0sslein-Volhard, 1992; Sive, 1993; Peifer, 1994) . In this context, a morphogen is an inducing factor that elicits two or more qualitatively distinct responses in a dose-dependent manner. These responses do not necessarily correspond to canonical cell fates; additional factors may refine the response. However, in systems with large groups of responding cells, it is difficult to distinguish the relative role of a putative morphogen from the role of downstream interactions in cell fate specification• We have demonstrated that LIN-3 can act as a morphogen to specify the fate of a single cell, and our results suggest that, in normal development, cell-cell interactions enhance the precision of fate patterning in groups of cells responding to a morphogen.
The Dose of LIN-3 EGF Regulates the Lateral Signaling Pathway
Previous work had demonstrated that the AC could induce a single VPC to assume either the 1° or the 2 ° fate and thus had demonstrated that a signal between VPCs was not required to specify either vulval fate (Sternberg and Horvitz, 1986 ; Table 1 ). Our results demonstrate that the EGF domain of LIN-3 can induce a single VPC to assume either fate in a dose-dependent manner. However, LIN-3 is not the only intercellular signal affecting VPC fate. A lateral signal between VPCs normally prevents adjacent VPCs from assuming 1° fates (Sternberg, 1988) . The action of the lateral signal is apparent in lin-15 mutant animals. In these animals, the vulval induction pathway is activated in all six VPCs, and adjacent VPCs are prevented from adopting 1 ° fates. The inductive signal influences the pattern observed in lin-15 mutant animals: in intact animals, P6.p is invariably 1°, but in gonad-ablated animals, P6.p can adopt either the 1° or 2 ° fate (Sternberg, 1988) . LIN-12 is thought to act as the receptor for the lateral signal that promotes the 2 ° fate (Greenwald et al., 1983; Yochem et al., 1988; Seydoux and Greenwald, 1989; Sternberg, 1988; Sternberg and Horvitz, 1989) . Genetic experiments demonstrate that LIN-12 activity is necessary to specify the secondary fate (Greenwald et al., 1983) and is sufficient to specify 2 ° fates in the absence of inductive signal (Sternberg and Horvitz, 1989) . Genetic epistasis tests are consistent with the idea that lin-12 acts downstream of let-23 and let-60 ras in the pathway leading to 2 ° fate specification (Sternberg and Horvitz, 1989; Han et al., 1990) . These results and the influence of inductive signal on P6.p fate in lin-15 mutant animals support the possibility that the activity of the inductive signal affects the function of the lateral signaling pathway. Our observations suggest that the level of inductive signal influences the lateral signaling pathway in a dosedependent manner. First, by overexpressing LIN-3, we demonstrate that high levels of LIN-3 cause adjacent VPCs to adopt 1 o fates. Therefore, high levels of LIN-3 can override lateral inhibition. Second, since genetic evidence indicates that LIN-12 activity is required for VPCs to adopt the 2 ° fate (Greenwald et al., 1983 ) and since we have shown that the EGF domain of LIN-3 can induce a single VPC to a 2 ° fate in a dose-dependent manner, it appears that a VPC can regulate its own LIN-12 pathway. Therefore, the level of LIN-3 activity appears to modulate the activity of the LIN-12 pathway. This regulation of the LIN-12-mediated signaling pathway offers a mechanism by which different levels of LIN-3 could predispose a VPC to assume a particular fate and suggests a model for vulval fate patterning.
Vulval Fate Patterning
Our model for vulval fate patterning invokes two partly redundant mechanisms acting together to generate a highly reproducible pattern: a graded signal biases the fate of multipotent cells, and a lateral interaction ensures that the 1 o fate is adopted by only one cell (Figures 1B-1C) . We propose that limiting levels of LIN-3 activity form a concentration gradient across the central VPCs. LIN-3 exerts a dose response both through direct, dose-dependent promotion of cell fate and dose-dependent regulation of the lateral signaling pathway. Specifically, the graded activity of LIN-3 causes P6.p to receive a higher level of signal than either P5.p or P7.p. This higher dose of LIN-3 promotes a 1 ° fate and makes P6.p relatively more competent to transmit lateral signal. P5.p and PT.p receive a lower dose of LIN-3, which promotes a 2 ° fate and makes P5.p and P7.p relatively more competent to receive the lateral signal. The normal function of the lateral signal is to reinforce the initial difference established by the LIN-3 gradient. This is accomplished by a comparison of LIN-12 activity among the VPCs, using feedback loops analogous to those employed in other LIN-12-mediated fate decisions (see, e.g., Seydoux and Greenwald, 1989) . The result of the lateral signaling process is that P6.p eventually becomes the only VPC to transmit the lateral signal. Thus, P6.p adopts a 1 o fate in response to a high level of LIN-3; P5.p and P7.p adopt 2 ° fates in response to both a lower level of LIN-3 and the action of the lateral signaling pathway.
An alternate model for vulval fate patterning invokes sequential induction: the AC acts on only one VPC, P6.p, causing it to adopt a 1° fate, and P6.p then induces its neighbors to adopt 2 ° fates via a lateral signal (Sternberg and Horvitz, 1986; Simske and Kim, 1995) . Genetic mosaic analysis indicates that VPCs that lack a receptor for the inductive signal may adopt 2 ° fates if a neighboring VPC expresses the receptor and adopts the 1 o fate (Simske and Kim, 1995; Koga and Ohshima, 1995) . Thus, in this situation, a sequential induction mechanism can generate the normal pattern of vulval fates. However, in these experiments, not all of the VPCs express the receptor for the inductive signal. Therefore, these experiments bypass the issue of whether wild-type VPCs normally receive different levels of inductive signal. Furthermore, this sequential model fails to explain why VPCs should respond to inductive signal in a dose-dependent manner.
In the sequential induction model, the 2 ° fate is specified by a lateral signal from a VPC adopting the 1° fate. This predicts that 2 ° fates should only be observed adjacent to 1° fates, and 1° VPCs should always induce 2 ° fates in their neighbors. However, a single VPC can adopt the 2 ° fate in response to the AC signal (Table 1; Sternberg and Horvitz, 1986) and in response to low levels of hsLIN-3EGF ( Figure 3) ; also, 2 ° fates without neighboring 1° fates are observed in dig-1 mutants in which the AC is dorsally displaced (Thomas et al., 1990) . Moreover, 1 ° VPCs that fail to induce 2 ° fates in their neighbors are observed in many situations (e.g., Sulston and Horvitz, 1981; Thomas et al., 1990; Simske and Kim, 1995; Koga and Ohshima, 1995) .
Sequential induction models do not explain why adjacent multipotent VPCs would assume a graded pattern of fates if they all received LIN-3. A strict sequential induction model thus requires either that P5.p and P7.p are intrinsically unable to adopt the 1° fate in response to normal levels of inductive signal or that diffusion of LIN-3 is prevented such that neither P5.p nor P7.p receives inductive signal. However, it is clear that both P5.p and P7.p are competent to adopt 1 o fates in intact animals (Simske and Kim, 1995; Koga and Ohshima, 1995) . Moreover, four lines of evidence demonstrate that the AC can directly induce more than one VPC and that inductive signal is present distal to the AC. First, in wild-type animals in which the central VPCs (P5.p to P7.p) have been ablated, the AC can induce both P4.p and P8.p to adopt vulval fates. In these animals, P4.p and P8.p are spatially separated, so it is unlikely that lateral interactions between these VPCs influenced their response (Sulston and White, 1980; Sternberg and Horvitz, 1986) . Second, in some mosaic animals in which P6.p cannot receive inductive signal, both P5.p and P7.p become 1°, indicating that they both receive inductive signal (Simske and Kim, 1995) . Third, in wildtype animals, single VPCs can adopt vulval fates when distant from the AC (data not shown). Finally, in dig-1 mutant animals in which the AC is displaced dorsally, induction of vulval fates can still occur (Thomas et al., 1990) .
For these reasons, a model invoking graded induction acting to bias lateral interactions provides the most parsimonious explanation of the available data. In this model, the graded inductive signal and the biased lateral signal provide partially redundant mechanisms to specify the 2 ° fate. If, under some circumstances, the level of LIN-3 is insufficient to induce P5.p and P7.p directly, the ability of the lateral signal to act inductively could generate a normal vulval pattern. Thus, these combined mechanisms would ensure pattern invariance over a wide range of LIN-3 levels.
A model analogous to our graded inductive signal/biased lateral signal model has emerged from analysis of neurogenesis in Drosophila (reviewed by Jan and Jan, 1994) . In this system, a nonuniform distribution of neuroblast-promoting transcription factors bias one cell toward adopting the neuroblast fate. This cell inhibits neighboring cells from adopting the same fate by using a mechanism mediated by the LIN-12 homolog Notch. A cell with a higher level of these transcription factors displays higher levels of transcription of the ligand for Notch and thus facilitates inhibition of neuroblast fate in neighboring cells (Kunisch et al., 1994) . Thus, the biased distribution of neuroblastpromoting factors is analogous to the graded distribution of LIN-3 and leads directly to changes in the activity of the lateral signaling pathway.
Transduotion of Quantitative Information
The graded action of LIN-3 requires that quantitative differences in LIN-3 induce qualitatively different programs of gene expression, lin-3 acts upstream of let-23 (Ferguson et al., 1987; Hill and Sternberg, 1992) , which encodes a nematode homolog of the EGF receptor. Activity of let-23 is required for vulval induction, and transduction of the vulval-inducing signal requires downstream effectors, including Ras, Raf, and mitogen-activated protein (MAP) kinase (reviewed by Kayne and Sternberg, 1995) . How do proteins downstream of LET-23 transduce quantitative information?
Conversion of quantitative differences in signal intensity into qualitatively distinct responses could, in principle, occur at any level of this signal transduction cascade. One possibility is that quantitative information is transduced via the Ras pathway into the nucleus, where distinct patterns of transcriptional activation are generated. Alternatively, perhaps different levels of signal evoke distinct cytoplasmic signal transduction cascades. Precedents for both models exist. Analyses of cultured mammalian cells show that quantitative differences in EGF receptor activity can be transduced via MAP kinase to give qualitatively different cellular phenotypes, possibly by affecting the duration of phosphorylation of downstream effectors (Dikic et al., 1994; Traverse et al., 1994) . Moreover, recent work in other mammalian cell types, as well as genetic studies in C. elegans, suggests that EGF receptor and LET-23 can activate distinct signal transduction cascades (e.g., Darnell et al., 1994; Jongeward et al., 1995) . The combination of the inducible expression system described here and our growing understanding of the molecular components of both the LET-23 and LIN-12 signal transduction pathways in C. elegans will permit molecular analysis of a complex patterning process in vivo.
Experimental Procedures
General Methods and Strains
Methods for handling C. elegans were according to the standard protocol by Brenner (1974) . Strains were maintained at 18°C-21°C. The following alleles were used: for LGII, rol.6(e187) ; for LGIII, lin.12(n137d) ; for LGIV, dpy-20(e1282), unc-22(e66), unc-24(e138), unc-31(e169) nls2[lin11::lacZ; lin-11(+) ]; and for LGX, ], lin-15(e1763) (Brenner, 1974; Ferguson and Horvitz, 1985; Freyd, 1991 ; J. Liu and P. W. S., unpublished data).
Construction of hsLIN.3EGF Transgenes
DNA encoding the EGF domain of LIN-3 from Val-142 to Pre-204 was directly amplified from a lin-3 cDNA by PCR using the primers V123
(5'-GG CAT ATG GTT CGG AAG GAA ATC GAG-3'), which adds an Ndel site and initiation codon to the 5' end of the product, and P185
(5'-T AGG ATC CTA TGG GGC ATA GAA CGC CTG-3'), which adds a termination codon and BamHI site to the 3' end. The PCR product was end-filled and subcloned into the EcoRV site of pBluescript SK(+) to create pLIN-3EGF. The vector pRH45 places the synthetic signal peptide cassette of pPD52.63 (Perry et al., 1993) under the transcriptional control of the hsp16-41 promoter from the vector pPD49,83 (Mello and Fire, 1995) . pRH45 was constructed by ligating the 970 bp BamHI-Spel fragment of pPD52.63 to the 2.9 kb BamHI-Spel vector fragment of pPD49.83, pRH51 and pRH52 contain the insert of pLIN-3EGF subcloned into the 3' end of the synthetic signal peptide of pRH45 in the sense and reverse (control) orientations, respectively. pRH51 and pRH52 were constructed by ligating an end-filled BamHINdel insert fragment of pLIN-3EGF to an end-filled Ncol digest of pRH45. The sequence of pRH51 for the region of the translational fusion and insert of the EGF domain of LIN-3 has been confirmed. Standard molecular biological techniques were performed as described by Sambrook et al. (1989) .
Construction of Transgenic Strains
Transgenic animals were generated by standard methods, which produce high copy number extrachromosomal arrays, commonly lost at mitosis and meiosis but still heritable (Mello et al., 1991) . Three sets of transgenes were used. The transgene syEx13 (Table 3) is described by Hill and Sternberg (1992) . The second set of transgenes, syEx20 to syEx24, were used to demonstrate the efficacy and specificity of the hsL/N-3EGF construct, syEx20 and syEx24 were obtained by microinjection of pRH52 at 50 ng/pl, C14G10 (unc-31(+) ) at 20 ng/p.I, and carrier DNA (pMOB [Strathmann et al., 1991] ) at 30 ng/p.I, into unc-31(e169) mutant animals; syEx21 and syEx23 were obtained by microinjection of pRH51 at 50 ng/p_l, C14G10 at 20 ng/~l, and pMOB at 30 ng/l~l, into unc-31(e169) animals, syEx21 and syEx23 provide a higher dose of LIN-3 activity upon heat shock than the third set of transgenes (data not shown). The third set of transgenes are low copy number ~in-3 transgenes that were generated by performing a limiting dilution of pRH51 (hsLIN.3EGF) in an otherwise constant injection solution of carrier DNA (pMOB; 100 ng/l~l) and pMH86 (dpy-20(+) ; 15 ng/l~l). At each concentration tested, heritable lines bearing the marker DNA (scored by rescue of dpy-20(e1282)) were isolated and tested for their ability to induce excess vulval differentiation in response to heat shock. Lines with LIN-3 EGF activity were treated with X-rays (3800 rad) to promote integration of the extrachromosomal array (Way et al., 1991) , and putative integrant lines were identified based on their ability to rescue the Dpy phenotype in all of their progeny. The LD strain was backcrossed four times. The genotype of the LD strain is syls12 [dpy-20(+) . The HD and LD-2 strains were backcrossed at least once each and used with the original dpy-20(e1282) marker mutation in the background. The genotypes of these two strains are dpy-20(e1282), syls11[dpy-20(+) [lin-11::lacZ lin-11(+) ]) (Freyd, 1991) with derivatives of the LD and HD strains to isolate syls12; nls2 and syls11; nls2 double homozygotes, respectively.
Cell Ablations
Cell ablations were performed with a laser microbeam by standard methods (Avery and Horvitz, 1987; Sulston and White, 1980) . For the experiments using syEx20 to syEx24, the gonadal precursor cells Z(1-4) of non-Unc-31 animals (genotypes e 169; syEx20 to syEx24) were ablated within 5 h r of hatching. Gonad-ablated animals and nonablated animals were mounted on agar pads containing sodium azide for an equivalent period of time while the surgery was performed. The success of the gonad ablation was confirmed by observation under Nomarski optics 12-19 hr after ablation. Table 2 and Figures 3 and 4 , the gonad primordia were ablated in early L1 before the first division of Z1 and Z4. P7 was isolated at the time of gonad ablation, by ablation of P3 to P6 and P8 after they had descended into the ventral cord. All other VPC isolations were performed by ablating Pn.p cells within 1 hr of the L1 molt. Animals in which a P cell was incidentally ablated during gonad ablation were discarded, since a damaged but viable cell might conceivably produce some intercellular signal.
For the experiments in
Heat Shock of Transgenic Animals
Heat shocks for experiments using syEx20 to syEx24 were performed by placing worms on 5 cm culture plates seeded with bacteria, sealing them in parafilm, and incubating them in a covered water bath at 33°C. These animals were heat shocked for a 2 hr period either late in the L2 stage or in the L2 molt. Worms in the experiments shown in Table  2 and Figures 3 and 4 were heat shocked in a circulating water bath in 0.5 ml PCR tubes containing 7-10 ~1 of S-basal medium with cholesterol. These heat shocks were performed at the onset of the L2 lethargus. Immediately after heat shock, worms were returned to the culture plate.
VPC Fate Assignment
VPC lineages were observed from the 4-cell stage on. A fate was assigned to each VPC according to the observed cell lineage and the morphogenesis of the VPC descendants, as scored both at the L3 molt and in the mid-L4 stage at least 7 hr later (Sternberg and Horvitz, 1986; Sulston and Horvitz, 1977; this work) . A canonical 1° lineage undergoes two rounds of cell division by the late L3 stage to produce four cells that divide in the pattern I I I I (see legend to Figure 3 for abbreviations). The cells produced by a 1 ° lineage separate from the ventral cuticle and migrate to the dorsal edge of the ventral cord, creating a symmetrical invagination. In the mid-L4 stage, the cells of a 1 ° lineage lie in two lateral rows dorsal to the vulval invagination in a mass of tissue that does not contact the ventral cuticle (Sulston, 1976; Sternberg and Horvitz, 1986) (Figures 4A and 4C) . A canonical 2 ° lineage undergoes two rounds of cell division by the late L3 stage to produce four cells that divide in the pattern LLTN. The N and T cells of the 2 ° lineage detach from the ventral cuticle during and after the final round of division. The L cells adhere to the ventral cuticle. In the early to mid-L4 stages, most cells of the 2 ° lineage lie either anterior or posterior to the vulval invagination in a mass of tissue that has extensive contact with the ventral cuticle ( Figures 4B and 4D) . A canonical 3 ° lineage divides once by the mid-L3 stage to produce two daughters that cease to divide and fuse with the main body epidermis.
We observe three types of deviation from the canonical lineage descriptions. First, some transverse divisions become oblique or longitudinal. Second, the N (nondividing) cell of the 2 ° lineage occasionally o divides. Third, in some 2 lineages, internal VPC descendants adopt the N fate (i.e., LL.NT). Since all of these deviations are observed in ablated wild-type animals or in mutants that cannot express either the 1 ° fate or the 2 ° fate (Sulston and Horvitz, 1981; Greenwald et al., 1983; Sternberg and Horvitz, 1986, 1989 ; W. S. K., unpublished data), we propose that these deviations do not reflect differences in VPC fate. Adherence at the L3 molt and morphogenesis during the L4 stage are the most reliable anatomical indicators of differentiated vulval cell types (Sternberg and Horvitz, 1986, 1989) and thus were used in addition to division pattern when assigning lineage fate. An N granddaughter, adherence to the ventral cuticle in the mid-L4 stage, and asymmetric morphogenesis with formation of processes extending across the invagination are 2°-like characteristics. Symmetrical morphogenesis lacking process formation and complete detachment from the ventral cuticle are 1 °-like characteristics. Lineages that had both 1°-and 2 °-like characteristics were classified as intermediate. For example, a symmetric, nonadherent LLLL lineage is classified as 1 o, while a symmetric, adherent LLLL lineage is classified as intermediate. We employed conservative criteria for lineage classification; all characteristics of a lineage must be consistent with a canonical fate for it to be classified as either 1 ° or 2 °. As a result, the intermediate class of lineages may be heterogeneous, representing lineages of different types.
13-Galactosidase activity was assayed in situ (Fire, 1992) .
